A series of Saccharomyces cerevisiae plasmids and mutant derivatives containing fusions of the Escherichia coli galactokinase gene, galK, to the yeast iso-1-cytochrome c CYCI transcription unit were used to study the sequences affecting the initiation of translation in S. cerevisiae. When the CYCi AUG initiation codon preceded the galK AUG codon and coding sequence and either the two AUGs were out of frame with each other or a nonsense codon was located between them, the expression of the galK gene was extremely low. Deletion of the CYCI AUG and its surrounding sequences resulted in a 100-fold increase in galK expression. This dependence of galK expression on the elimination of the CYCI AUG codon was used to select mutations in that codon. Then the ability of these altered initiation codons to serve in translational initiation was determined by reconstruction of the CYCI gene 3' to and in frame with them. Initiation was found to occur at the codons UUG and AUA, but not at the codons AAA and AUC. Furthermore the codon UUG, when preceded by an A three nucleotides upstream, served as a better initiation codon than when a U was substituted for the A. The efficiency of translation from these non-AUG codons was quantitated by using a CYCi/galK protein-coding fusion and measuring cellular galactokinase levels. Initiation at the UUG codon was 6.9% as efficient as initiation at the wild-type AUG codon when preceded by an A three nucleotides upstream, but was over 10-fold less efficient when a U was substituted for that A. Initiation at AUA was 0.5% as efficient as at AUG. The effects of the sequences preceding the initiation codon are discussed in light of these results. 1191 
Initiation of protein synthesis involves ribosomal recognition of specific sequences on an mRNA. This recognition determines the sequences to be translated and sets the frame for translation. In addition, the varied efficiency of initiation for different mRNA species may be one of the factors that ultimately determine how much of the encoded protein accumulates in the cell. The sequences in a procaryotic mRNA that are essential to initiation have been identified by comparative sequences analyses, which indicated the complementarity between the 3' end of the 16S rRNA and the Shine-Dalgarno consensus sequence on the mRNA, by biochemical analyses, which showed that an interaction between these RNAs could occur, and by mutational analyses, which demonstrated the importance of this sequence to efficient translation (for a review see references 8, 11, and 23) . In addition, sequence analysis has indicated that other nucleotides 5' and 3' to the initiation codon have been conserved (8) . Due to the greater difficulty of genetic manipulations in eucaryotes, the dissection of this process in higher organisms has relied almost entirely on comparative sequence analyses and in vitro protein synthesis studies. Nonetheless, a great deal of evidence has been compiled that delineates a number of important features. The 7-methylguanine CAP structure on the 5' end of cellular eucaryotic mRNAs is essential for efficient initiation (11, 12, 18, 27, 28) . Also, initiation usually occurs at the first AUG triplet 3' to the CAP, and, in those cases where the second AUG is used, it is contained within the sequence AIG NNAUGA/G (10, 11) .
The most detailed genetic study to date on the initiation of translation has been carried out on the Saccharomyces cerevisiae CYCI gene, encoding the iso-1-cytochrome c protein (19, 20, 22, 25) . When the wild-type ATG initiation * Corresponding author. codon was eliminated by mutation, secondary mutations creating new ATG codons anywhere from two triplets 5' to nine triplets 3' from the wild-type ATG could serve as translational initiation sites in the mRNA. In addition, mutations that generated new ATG codons 5' to and out of frame with the wild-type ATG inhibited translation of the correct protein. This analysis indicated that the first AUG on an mRNA was always used, and the presence of a purine three nucleotides 5' and 1 nucleotide 3' from the AUG codon found in the consensus sequence above was not essential for initiation. Nonetheless, the data did suggest that the efficiency of initiation was dependent on sequences 5' to the AUG codon.
In our present study, we have exploited the rapidly developing capabilities to perform in vitro manipulations with yeast genes, which can then be placed back into yeast cells to select translation initiation mutations in the CYCI gene. Our analysis demonstrates that the presence of a purine at -3 can enhance initiation. Also, we have discovered that some non-AUG triplets can be used at low efficiency as translational initiation sites when placed in a proper context, an unexpected finding which runs counter to previous concepts of translational initiation in eucaryotes (11, 12) . Furthermore, initiation at these non-AUG codons appears to be much more sensitive to context than is initiation at the corresponding AUG codon and, therefore, may prove very useful in further analysis of this process in eucaryotes.
MATERIALS AND METHODS
Strains, transformations, and DNA preparations. The S. cerevisiae strains used in these studies were aBR10 (a trpl his4 gall Ade-) and GM-3C-2 (a trpl leu2 his4 cycl cyc7 Gal-), both of which have been previously described (7, 16a) . Transformations of these strains were carried out as described previously (9) , selecting in every case for the Trp+ phenotype. To test the galactokinase expression from plasmids, aBR10 transformants were used; cytochrome c expression from plasmid-borne CYCI genes was scored in GM-3C-2 transformants.
For the transformation and maintenance of plasmids in Escherichia coli, strain HB101 (2) was used. The procedures have been described for bacterial transformation (4), largescale plasmid preparations (6) , and alkaline minipreps of plasmids (15) . Plasmids were recovered from yeast cells by first preparing total yeast DNA (26) and then transforming bacterial cells with the preparation and selecting for ampicillin-resistant transformants.
Media. Yeast cells were grown under nonselective conditions (for plasmid markers) in YPD (2% peptone, 1% yeast extract, 2% glucose). For galactokinase assays, cells were grown in either YPD or YPD with 2% raffinose substituted for glucose. Galactose phenotypes were determined on complete galactose plates (lacking tryptophan when indicated; Rymond et al., in press), tryptophan phenotypes were determined on complete minus tryptophan plates (30) , and cytochrome c phenotypes were determined on glycerol plates (2% peptone, 1% yeast extract, 3% glycerol, 1.5% agar) or lactic acid plates (21) .
When screening for galK+ bacterial transformants, Mac-Conkey plates (Difco Laboratories) supplemented with 200 ,ug of ampicillin per ml and 0.4% galactose were used.
Plasmids. The plasmids YCpR2 and YCpCYCI(2.4) have been described previously (13; Rymond et al., in press). YCpR3, YCpR6, and YCpR72 are derivatives of the previously described plasmids (Rymond et al., in press) YRpR3, YRpR6, and YRpR72, respectively, in which a 2-kilobase BglIl-BamHI fragment containing the centromere from S. cerevisiae chromosome III (3) has been inserted into the unique BamHI sites of these plasmids. The orientation of this CEN3 fragment is the same in each case as that for YCpR2. The fusion point between the beginning of the CYCI-coding sequence and the galK sequence in these plasmids is shown in Fig. 2 .
Construction of deletion plasmids. The plasmids containing deletions of the CYCI ATG initiation codon and its neighboring sequences were constructed as follows. YCpCYCI(2.4) (15 ,ug) was digested with EcoRI at the unique site comprising the third and fourth codons of the CYCI gene (24) . After a phenol extraction and ethanol precipitation, the DNA was digested with BAL 31 (1 U) for 5 min. After a second phenol extraction and ethanol precipitation, the DNA was treated with the Klenow fragment of DNA polymerase (2.5 U) to produce flush ends. The DNA was then recircularized with T4 DNA ligase (0.1 U) in the presence of EcoRI linkers (pGGAATTCC), and the mixture was used to transform bacterial cells to ampicillin resistance. The plasmids in independent transformants were screened for those containing small deletions at the EcoRI site by digestion with EcoRI and XhoI and comparison of the wild-type 250-base-pair EcoRI-XhoI band to that of the deletion plasmids by size fractionation of these fragments on 10% acrylamide gels. Two deletions between 10 and 20 base pairs were sequenced to determine the exact endpoints (see Fig. 2 ). These plasmids were designated YCpCYCJ(2.4)A12 and YCp-CYCI(2.4)A29.
To construct YCpR3A12, YCpR3A29, YCpR6A12, YCpR72A12, and YCpR72A29 (see Fig. 2 ), the plasmids YCpR3, YCpR6, and YCpR72 were each digested with EcoRI, the 1.2-kilobase galK-containing fragments were purified from agarose gels, and these fragments were ligated with EcoRI-digested YCpCYCJ(2.4)A12 and YCp-CYCJ(2.4)A29. Bacterial transformants containing plasmids with the desired construction were identified among those staining purple on MacConkey-ampicillin-galactose plates (the plasmid galK gene complemented the galKallele of E. coli HB101) by restriction analysis.
Yeast mutagenesis and mutant analyses. YCpR3 transformants that had a Galphenotype were plated at 107 transformants per complete galactose (minus tryptophan) plate, and the plates were exposed to UV irradiation sufficient to cause 90% killing of cells. After 3 days several dozen colonies appeared per plate. The putative mutants were screened for the plasmid dependence of the mutation by curing cells of the plasmid. This was achieved by the growth of each mutant for successive overnights in 2 ml of YPD and then plating approximately 200 cells on a YPD plate. The resulting colonies were replica plated onto complete medium minus tryptophan, and those with a Trp-phenotype (about 10%), and therefore presumably cured of the plasmid, were tested for growth on complete galactose plates. Mutants that gave
Trp-Gal' colonies at this stage were considered GAL] revertants and were discarded. Those mutants which gave Trp-GAL-colonies at this stage were considered to have plasmid or plasmid-dependent mutations. The plasmids from such mutants were recovered by the rescue procedure and then used to retransform aBR10. Those plasmids that transformed aBR10 to Gal' as well as Trp+ were considered to contain mutations of interest. These mutant plasmids were designated YCpR3-X, where X was the mutant number. The EcoRI fragment containing the galK gene was deleted from the mutant plasmids by digestion of the plasmids with EcoRI followed by religation. The bacterial transformants without the EcoRI fragment were identified by their unstained colonies on MacConkey-ampicillin-galactose plates. These plasmids were designated YCpR3-XR1-.
The protein coding fusions in which the bulk of the galKcoding sequence present in the plasmid YCpR2 was fused to the first six codons of the CYCI gene of the mutants R3-X (which included the mutant initiation codons) were constructed as follows. The plasmids YCpR3-X were digested with BamHI and EcoRI, and the resulting fragments were mixed with YCpR2 digested with BamHI and EcoRI. The DNAs in this mixture were ligated and used to transform bacterial cells to ampicillin resistance. Nonstaining or lightly staining colonies were picked from MacConkey-ampicillingalactose plates. This strategy favored the replacement of the 1.8-kilobase EcoRI-BamHI fragment of YCpR2, which contained the CYCI 5' sequences and the first six codons by the corresponding fragments of the YCpR3-X plasmids. Since the mutant ATG initiation codons were fused to the galK-coding sequence, the resulting bacterial transformants stained poorly or not at all on MacConkey-ampicillin-galactose plates as compared with YCpR2 transformants, which stained well. Restriction analysis confirmed that the resulting plasmids had the desired sequences. These plasmids were designated YCpR2(R3-X).
All of these constructions and the properties of the CYCJ and galK genes on these plasmids are outlined in Fig. 1 .
DNA sequence analysis. DNA sequence analysis was carried out by the Sanger et al. dideoxy chain termination method (17) . Templates were prepared by subcloning the EcoRI-BamHI fragments of the various mutant plasmids into M13mp9 (16) . Primer was purchased from Bethesda Research Laboratories, Inc.
Galactokinase assays. Galactokinase assays were performed as described previously (Rymond et al., in press).
The results are expressed as nanomoles of galactose-1phosphate formed per minute per milligram of protein in the reaction mix. Protein concentrations were determined by the Lowry et al. assay (14) .
Materials. Enzymes were purchased from Boehringer Mannheim, Bethesda Research Laboratories, New England Scheme for the construction of plasmids. Plasmid constructions are described in the text. YCpR3 is represented in the circular diagram at the top, and the wavy line beneath represents the CYCl/galK fusion mRNA. For the plasmid diagram, the empty boxes represent the CYCI DNA and the closed boxes represent the galK DNA. Wide boxes represent protein-coding sequences, and narrower boxes represent noncoding sequences. B represents the BamHI restriction site, and E represents the EcoRI restriction site. For the mRNA diagram, CAP represents the 5' 7-methylguanine modification, and (A)n represents the 3' polyadenylic acid tail. AUGcycl represents the AUG initiation codon for the CYCI gene;
AUGgP,K represents the AUG initiation codon for the galK gene.
The remaining diagrams use the same symbols with the addition of an asterisk that represents the hypothetical site of mutation in the CYCI ATG codon in the DNA and AUGcycl with the asterisk above, which represents the altered AUG codon of the mRNA. YCpR3-X is derived from YCpR3 by mutagenesis and selection for the gal' phenotype. In both these plasmids expression of the galK gene must result from initiation of the galK AUG. YCpR3-XR1is derived from YCpR3-X by elimination of the EcoRI galK fragment. Expression of the restored CYCI gene must occur from initiation at the mutated CYCI AUG. YCpR2(R3-X) is derived from the insertion of the YCpR3-X EcoRI-BamHI fragment containing the CYCI 5' sequences and mutant ATG codon into the EcoRI-BamHIcleaved YCpR2. This results in a CYCl/galK protein-coding fusion in which galK expression depends upon initiation at the mutant CYCI AUG. Nuclear Corp., and New England Biolabs. The assay conditions used in each case were those recommended by the vendor. RESULTS galK AUG. In our initial construction of the CYCJ/galK fusion vectors, our intention was to join the 5' regulatory sequences, the transcriptional start sites, and the translational start site ofthe yeast CYCJ gene to the E. coli gaIK-coding sequence. Such fusions would place the expression and regulation of galactokinase function under the control of these CYCI sequences. To effect these protein-coding fusions, the galK leader sequence was eliminated by BAL 31 digestion of the 5' end of a fragment containing the galKcoding sequence. This step was necessitated because an inframe nonsense triplet was present 5' to the galK ATG initiation codon, and any in-frame fusions of the CYCI translational start to the galK coding sequence still containing the leader region would presumably be unable to express galactokinase function. Ribosomes initiating at the CYCJ AUG would terminate prematurely at the nonsense triplet, and ribosomes could not initiate translation at the galK AUG since it would be the second AUG on the mRNA. Although successful fusions were obtained, i.e., those able to transform gall (galactokinase deficietit) S. cerevisiae from a Galto a Gal' phenotype, a number of unsuccessful fusions resulted from incomplete BAL 31 digestion. Examples of some unsuccessful fusions are shown in Fig. 2 ; for YCpR3 and YCpR72, not only did the nonsense triplet remain, but also the CYCI translational initiation codon was out offrame with the galK-coding sequence.
In attempting to assess the versatility of the galK fusion vectors, we wished to determine whether the galK translational start could be recognized in yeast cells. If so, then fusions between transcriptional start sites of S. cerevisiae and the galK leader sequence, i.e., mRNA leader sequence fusions, would be feasible. However, it was clear that before the efficiency of the galK AUG codon could be measured in S. cerevisiae, the CYCI AUG would have to be eliminated from fusions such as that presented in Fig. 2 . This was achieved by inserting the EcoRI galK-containing fragments from each of three different fusions, YCpR3, YCpR6, and YCpR72, into two YCpCYCI(2.4) derivatives in which the CYCI ATG codon plus its flanking sequences had been deleted; the resulting sequences preceding the galK initiation codon are shown in Fig. 2 . These constructions vary by two interesting parameters. First, the length of the leader sequence of the new fusion mRNAs, assuming that the major CAP site at -61 of the CYCI mRNA was still used, varied from 90 nucleotides in the longest, YCpR3A29, to 69 nucleotides in the shortest, YCpR72A12. Second, the A12 deletions deleted the 9-base-pair sequence T(AC)4, whereas it was retained in the A29 deletions. This repeating AC sequence is a general feature of yeast mRNA leader sequences (5, 29) , and the effect of its deletion on the translation of the mRNA was of interest. All of these plasmids were capable of transforming gall S. cerevisiae to Gal', as determined by the ability of cells to form colonies on media containing galactose as the sole sugar. In addition, all of the different transformants contained the same levels of galactokinase enzyme activity, indicating that the different mRNAs were translated with the same efficiency ( Table 1 ). The levels of galactokinase activity were about two-thirds of those found in cells containing the protein-coding fusion YCpR2, which employed the CYCI mRNA leader sequence and AUG initiation codon. When comparing the enzyme activities . The bracketed region represents the juncture betweeni the CYCI 5' sequences and the galK sequence; these sequences for the four plasmids are shown below and were determined previously (Rymond et al., in press). The brackets in the sequences represent the regions deleted in the A12 and A29 mutants. The EcoRI site is underlined and represents the juncture. YCpR3, YCpR6, and YCpR72 have the galK leader sequence joined to the CYCI sequence. In YCpR2, the galK leader sequence and ATG have been deleted, and the galK coding sequence has been fused to the CYCIcoding sequence. between galactokinase resulting from protein-coding fusions and mRNA leader sequence fusions, caution must be exercised because these enzymes have different amino termini and, therefore, perhaps different activities. Nonetheless, within the limits defined by these deletions and fusions, the length and nature of the mRNA leader sequence do not seem to dramatically affect translational efficiency as long as no other initiation codon precedes the authentic one (see below).
Selection of translational initiation mutations. Having demonstrated that the galK initiation codon in YCpR3 could be recognized in S. cerevisiae once the CYCI AUG was eliminated from the mRNA, we reasoned that mutations conferring a Gal' phenotype on YCpR3 transfortnants could be selected which would either (i) eliminate or modify the ribosomal recognition of the CYCI AUG or (ii) strengthen the recognition of the galK AUG (Fig. 1 ). Mutations that mapped to the sequences surrounding either AUG might provide new insights into the nature of translational initiation in S. cerevisiae.
The mutagenesis of YCpR3 transformants resulted in several hundred independent Gal' colonies. These were initially screened to eliminate GALI revertants. Cells were cured of the plasmid, and the 12 of 80 which lost the ability to grow oh galactose as a result were further investigated, The plasmid from each of these 12 mutants was recovered, and all had an restriction pattern identical to that of YCpR3, indicating that the mutations involved a small numlber of base pairs in each case. Seven of the 12 plasmids were capable of transforming gall cells to Gal', ihdicating that, in these, the mutations resided on the plasmid. For all subsequent studies, these retransformants were used to eliminate any ambiguities that could arise from the mutagenized background in the original transformants. The galactokinase levels in these mutants are shown in Table 2 . It is clear that all seven have dramatically increased enzyme activities compared with that of YCpR3 transformants.
tocalization of the mutations. To localize the site of the mutation on the plasmid, we took advantage of the fact that excision of the EcoRI galK-containing fragment of YCpR3 followed by religation would restore the coding sequence of the CYCI gene (Fig. 1 ). If the mutation lay outside this EcoRI fragment and were one that weakened or eliminated the ability of ribosomes to recognize the CYCI initiation codon, thereby enhancing utilization of the galK AUG, then restoration of the CYCI-coding sequence would not restore full CYCI expression to the plasmid. Alternatively, if the mutation lay within the galK coding sequence or did not affect the CYCJ AUG, excision of the EcoRI fragment would restore full CYCJ expression. The EcoRI fragment was excised from each mutant plasmid, and the resulting plasmids were designated YCpR3-XR1-(where X was the mutant number). Each was then transformed into cycl cyc7 yeast cells (deficient for both cytochromes c). The phenotype with respect to cytochrome c activity was scored by the ability of cells to form colonies on lactic acid plates and glycerol plates. Cells contaihing wild-type CYCI levels grow on both types of media, cells with decreased CYCI levels grow on glycerol, but not lactic acid plates, and cells with no CYCI or CYC7 activity grow on neither. Of the seven mutant plasmids, two (YCpR3-6R1-and YCpR3-67R1-) failed to confer growth on either, four (YCpR3-1-8R1-, YCpR3-59R1-, YCpR3-63R1-, YCpR3-64R1-) conferred growth on glycerol, but not on lactic acid, and one (YCpR3-7R1-) conferred growth on glycerol and very poor growth on lactic acid. Thus the mutations in plasmids YCpR3-6R1and YCpR3-67R1-seemed to eliminate translational starts from the CYCI initiation site, and those in plasmids YCpR,3-7R1-, YCpR3-18R1-, YCpR3-59R1-, YCpR3-63R1-, and YCpR3-64R1-reduced it, but did not eliminate it.
Sequence of the translational mutations. The DNA sequences around the CYCI translational initiation codon of these seven plasmids were determined. In each case the sequence from the EcoRI site (codons three and four) toward the 5' end to at least -125 was determined; this region includes the entire normal CYCJ leader sequence plus 60 base pairs of nontranscribed DNA. Only the changes indicated in Fig. 3 were found. As might have been anticipated, the two plasmids from which no CYCI expression could be detected phenotypically, YCpR3-6R1and YCpR3-67R1-, contained altered CYCI ATG codons, changed to ATC and AAA (a double mutation), respectively. However, surprisingly, the five plasmids from which reduced levels of CYCI expression could be detected also had altered ATG codons. Three contained an identical G-to-A transition at position +3 resulting in an ATA codon. Two, YCpR3-7R1and YCpR3-63R1-, had an A-to-T transversion at position +1 giving a TTG codon. In addition YCpR3-63R1-, which gave lower CYCJ expression than YCpR3-7R1as measured phenotypically, had a second A-to-T transversion at position -3. Because some CYCJ expression occurred from plasmids containing ATA or TTG initiation codons, but not AAA or ATC codons, we concluded that, at the appropriate positions in the mRNA, AUA and UUG could be used at low efficiency as translational initiation sites. If some other site were used, it would also have been available in YCpR3-6R1and YCpR3-63R1transcripts, which, however, showed no CYCJ expression; therefore, this possibility was excluded. Clearly, CYCI expression depended upon the nature of the substitution at the ATG codon.
Quantitation of the translational initiation efficiency. These results gave the first indication that codons other than AUG could be used to initiate translation of nuclear messages in a eucaryote. To quantitate their efficiency, these alternate initiation codons were fused to the galK-coding sequence (Fig. 1) . These constructions utilized the CYCl/galK protein-coding fusion, YCpR2, which joined the 5' sequences of CYCI including the ATG and first four codons through the EcoRI site to the galK-coding sequence lacking its first five codons. The 1.8-kilobase BamHI-EcoRI fragments containing the mutant codons from the mutant plasmids YCpR3-6, YCpR3-7, YCpR3-18, and YCpR3-63 were each substituted for the wild-type BamHI-EcoRI fragment in YCpR2, thereby replacing the wild-type ATG codon with the respective mutant forms. These plasmids were designated YCpR2(R3-6), YCpR2(R3-7), YCpR2(R3-18), and YCpR2(R3-63) in accordance with the number of the original mutation, and they were each transformed into gallyeast cells. Extracts were prepared from such transformants, and the levels of galactokinase activities were determined. The results presented in Table 3 clearly demonstrate that the UUG and AUA codons could be used to initiate the synthesis of measureable quantities of galactokinase enzyme. The efficiency of initia- tion at the UUG codon (R3-7) was 6.9% of that at the AUG codon. Interestingly, the efficiency of initiation at a UUG codon preceded by a U at -3 (R3-63) was over 10-fold less than at the same codon with the wildtype A at -3. Also, initiation at the AUA codon was much less efficient than at UUG.
These results correlate well with those reported above for the expression of the CYC1 gene from these non-AUG initiation codons as determined by the growth of cells containing the YCpR3-XR1plasmids. In addition, partial purification of the cytochrome c (30) from YCpR3-7R1transformants indicated that these cells contained 8% of the cytochrome c levels found in cells transformed with the wildtype gene. The cytochrome c levels in YCpR3-18R1and YCpR3-63R1were below detectable levels. Thus both the galactokinase assays and the expression of the CYCI gene measured by cell growth and cytochrome c assays demonstrated that initiation of translattAn can occur at non-AUG codons in S. cerevisiae. DISCUSSION
The currently held concepts concerning initiation of translation in eucaryotes have been clearly delineated by Kozak (11) in her recent review, and Sherman and Stewart (20) have reviewed their studies on the translational initiation of the CYCI gene. With these articles as a guide, we can discuss our results in terms of how, as in most instances, they conform to these concepts and how, as in one important instance, t,hey contradict them. On the confirmation side must be listed our result that the galk AUG initiation codon was efficiently recognized by yeast ribosomes only when it was the first AUG on the message; when the CYCI AUG codon preceded it, the level of initiation at the galK AUG was reduced by 2 orders of magnitude. Although more galactokinase activity accumulated in YCpR72 transfor- mants than in YCpR3 and YCpR6 transformants, and this correlated with the shorter distance between the two initiation codons in YCpR72 compared with the distances in YCpR3 and YCpR6, the sampling was too small to give much weight to this result. Thus the rule that ribosomes can only initiate at the first authentic AUG in a message was upheld. Another result anticipated from previous studies (20) was the lack of dependence of translation on the length of the mRNA leader sequence. Once the CYCI AUG codon and its surrounding sequences were deleted, leaving the galK AUG as the first on the message, the level of galK expression was the same from mRNAs whose leader sequence ranged from 69 to 90 nucleotides. (These numbers are not absolute. They are based upon the length of the leader sequence of the major CYCI mRNA, 61 nucleotides, but there are a number of other transcripts from the wild-type CYCI gene, and the relative translational efficiencies of the different species are unknown [1, 7] .) Also, the sequence (AC)4 found in many yeast mRNAs appeared to be dispensible; its deletion in A12 plasmids compared to A29 plasmids did not dramatically effect translation. This result has also been reported by Sherman and Stewart (20) .
Our results present one contradiction to the current ideas concerning initiation in eucaryotes, that initiation can only occur at AUG codons. We presented evidence that initiation occurred at the codons AUA and UUG, although at much lower efficiencies than at AUG. Since our results do not by any means represent a complete survey of the possible changes that could be made at the AUG codon, we cannot determine at this time how many other codons could serve as initiation sites. There are many examples of non-AUG initiation codons in procaryotic systems (8, 11) . GUG, UUG, and AUU all occur naturally, and AUA has been shown to be functional. So far no non-AUG initiation codons have been reported in eucaryotes, although the analysis of eucaryotic mRNAs has been strongly biased toward those whose products are required in abundance and are, therefore, most likely to employ the most efficient initiation codon (11) . Our results clearly show that, in S. cerevisiae at least, the existence of non-AUG initiation codons is possible since the yeast translational machinery can recognize them. One can even imagine instances in which low expression of a gene is achieved by the use of a non-AUG initiation codon. It is, of course, not possible to say whether other eucaryotes might also recognize non-AUG codons as initiation sites; the level of sensitivity and genetic manipulations available for the execution of our studies are limited to yeast genetic analyses. The ability of ribosomes to recognize non-AUG initiation codons is not limited to CYCJ mRNA; Thomas Donahue (Northwestern University) has been carrying out a systematic survey of the possible alternative initiation codons that can serve for the expression of the yeast HIS4 gene. He also found that AUA and UUG could be used at low efficiency (personal communication). Interestingly, Sherman et al. (19, 20, 25) reported that a mutation that altered the AUG initiation codon to AUA caused loss of CYCI expression, seemingly contradicting our results. However, the expression of the CYCJ gene from this AUA codon is sufficiently low that it could have easily been below the level of detection in their experiments.
Our results clearly demonstrate that the use of the UUG and AUA codons for initiation is strongly dependent on the context in which they are found. On the simplest level, this contextual information can be explained by applying Kozak's rule that a purine must be located at -3. There are two lines of evidence supporting this view. First, the mutation R3-7, which changed the AUG codon to UUG, was 8% as efficient as the AUG codon. However, the double mutation in R3-63, which changed the AUG to UUG and in addition changed the A at -3 to U, gave much lower expression than R3-7. Second, the codon AUA was used at low efficiency when located at the proper initiation site, but not detectably when located elsewhere. The sequence preceding the AUA is UUAAUAAUA, where the italicized codon is the site of the original AUG. There is an AUA codon immediately preceding the mutated AUG, but this AUA codon could not be used to initiate translation as judged by the result that the mutations R3-6, which has the sequence UUAAUAAUC, and R3-67, which has the sequence UUAAUAAAA, could not express C YCI or galK activity from these alternate AUG codons. Therefore, neither the AUC nor AAA codons could be used, nor could the AUA preceding them serve as an initiation codon. It is unlikely that this result stemmed from the synthesis of an inactive protein, since the protein has demonstrated flexibility in the amino-terminal sequences (20, 22, 25) . Rather the more likely explanation is that the context, specifically the U at -3 for the unused AUA compared to the A at -3 for the used AUA codon, determined which AUA could serve as an initiation codon. Whether other contextual information besides the purine at -3 is important remains to be determined. Sherman and Stewart (20) suggested that there might be contextual information present immediately 5' to the CYCI AUG, but they could not determine the exact bases. It is evident that the best method to uncover such information is through the use of initiation codons other than AUG. These codons appear to be much more sensitive to changes in the -3 position than the AUG codon, which appears, in S. cerevisiae at any rate, to be rather insensitive to the presence of a pyrimidine at -3 (20) . By inference, they may be much more sensitive to other changes in the contextual information surrounding the initiation codon.
Last, although ribosomes initiate at UUG and AUG inefficiently, the data presented in Tables 1 and 2 suggest that the presence of one of these codons in a proper context decreases the overall translational efficiency of the message from an authentic downstream AUG. The amount of galactokinase activity expressed from the downstream galK AUG in cells transformed with YCpR3-7 (the UUG mutant) is half that in cells carrying any one of the plasmids YCpR3A12, YCpR3A29, YCpR3-6, or YCpR3-67, all of which have the CYCI AUG either deleted or altered to a codon unusable for initiation. Similarly transformants carrying the even less efficiently used codons preceding the galK AUG, YCpR3-18 (the AUA mutant), or YCpR3-63 (the U. .UUG mutant) have intermediate galactokinase activities. Thus, there appears to be an inverse correlation between the serviceability of a codon for initiation and the efficiency of translation from an authentic downstream AUG. To what is this correlation due? The efficiency of initiation at the UUG codon in the R3-7 message is 8% of that for the corresponding AUG (Table  3 ). If we assUfme that only 8% of the ribosomes scanning the R3-7 message were removed from the pool that could initiate at the downstream AUG, this small percentage could not account for the large decrease in the translational efficiency from this downstream AUG. Rather one of several other explanations seem more likely. One is that the few ribosomes that do form initiation complexes at the UUG codon and translate through the downstream AUG limit the availability of that AUG to other ribosomes and initiation factors. Another is that a large percentage of ribosomes that are scanning the message for an initiation site undergo an abortive initiation at the non-AUG initiation codon which results in their dissociation from the message and thereby reduces the number which ultimately initiate at the authentic AUG. Whatever the reason, the outcome is intriguing. It suggests that evolution could adjust the expression of a gene by modifying the translational efficiency of its message through the placement of low-efficiency initiation sites upstream from the initiation site that must be used for translation. As our data suggests this effect can range over as large as a 50% reduction in translational efficiency to a few percent.
The discovery of these non-AUG initiation codons has clearly opened new opportunities for exploring the nature of translational initiation in eucaryotes. Our current investigations are attempting to exploit these opportunities.
